INTRODUCTION

2
Reactive oxygen species such as superoxide and hydrogen peroxide (H 2 O 2 ) are 3 produced during aerobic growth mainly as by-products during the transfer of electrons in 4 mitochondrial respiration. A battery of cellular activities scavenge superoxide and H 2 O 2 , so that 5 an equilibrium between production and detoxification is achieved, reaching physiological, non-6 toxic steady-state levels of these reactive oxygen species.
7
Regarding H 2 O 2 detoxification, at least three families of enzymes cooperate to reach 8 nanomolar intracellular levels: catalases, glutathione peroxidases (Gpxs) and peroxiredoxins 9 (Prxs) (for reviews, see (Flohe et al., 2011; Kirkman and Gaetani, 2007; Low et al., 2008; Rhee 10 et al., 1994; Zamocky et al., 2008) . Catalases dismutase two molecules of H 2 O 2 to generate 11 water and oxygen at the expense of the reversible oxidation-reduction of iron at their heme 12 group. Most Gpxs ant Prxs decompose H 2 O 2 to water with the concomitant oxidation of two 13 cysteine residues to a disulfide bond; reduction of the disulfide to the thiol form will require the 14 participation of glutathione or thioredoxin, respectively, at the expense of reduced cofactor. It is 15 worth pointing out that some Prxs, such as bacterial AhpC, can use electron donors other than 16 thioredoxin (Poole et al., 2000) .
17
The Schizosaccharomyces pombe genome contains three genes coding for Prx 18 isoforms (Tpx1, Pmp20/SPCC330.06c and BCP/SPBC1773.02c), one gene coding for a Gpx
19
(Gpx1), and another one coding for catalase, Ctt1. While cells lacking ctt1 (Mutoh et al., 1999) , 20 gpx1 or pmp20 (Vivancos et al., 2005) do not seem to display growth defects on aerobic plates, 21 strain ∆tpx1 cannot grow on solid agar unless anaerobic conditions are used (Jara et al., 2007 ;
RESULTS
2
Deletion of trr1 suppresses the aerobic growth defects of cells lacking Tpx1
3
We had previously demonstrated that cells lacking Tpx1 are able to grow aerobically in liquid 4 media, even though they display some growth defects which are more pronounced under 5 respiratory-prone conditions (Fig. S1 ). These phenotypes are exacerbated when ∆tpx1 cells 6 are plated on solid media under normal aerobic conditions (Jara et al., 2007) , possibly due to 7 the oxygen-dependent photochemical formation of H 2 O 2 on the surfaces of plates by flavins 8 present in the yeast media. The role of Tpx1 in the activation of the transcription factor Pap1 is 9 not the cause of the aerobic phenotype of ∆tpx1 cells, since cells lacking Pap1 do not display 10 any growth defect on aerobic plates (Jara et al., 2007) (Fig. 1A) . Cells deficient in trr1, the only 11 S. pombe gene coding for a thioredoxin reductase, are able to grow on aerobic plates (Fig. 1A ), 12 but they display pronounced sensitivity to the presence of extracellular peroxides (Fig. 1A ).
13 Surprisingly, cells deleted in both the Tpx1-and the Trr1-coding genes do not longer display 14 defects to grow on solid plates, which indicates that deletion of trr1 suppresses the phenotypic 15 defect of ∆tpx1 cells (Fig. 1A) .
16
Tpx1 and Trr1 had been reported to antagonistically regulate the activity of the 17 antioxidant transcription factor Pap1: ∆trr1 cells display constitutive oxidation/activation of Pap1 18 (Vivancos et al., 2004) , while in cells lacking Tpx1 the transcription factor Pap1 cannot sense 19 H 2 O 2 stress (Bozonet et al., 2005; Vivancos et al., 2005) . Constitutive oxidation/activation of 20 Pap1 in S. pombe strains can be easily tested through their resistance to caffeine (Benko et al., 21 1998; Calvo et al., 2009) . The double mutant ∆tpx1 ∆trr1 displays all the hallmarks of 22 constitutive Pap1 activation: it is resistant to caffeine (Fig. 1A) , Pap1 is constitutively oxidized 23 according to non-reducing electrophoresis (Fig. 1B) , the transcription factor is bound to 24 promoters even prior to stress as determined by chromatin immuno-precipitation ( 
28
We then tested whether constitutive Pap1 activation is required for the suppression 29 effect of trr1 deletion on ∆tpx1 strain. As shown in Figure 1E , a triple mutant ∆tpx1 ∆trr1 ∆pap1 is no longer able to grow on solid plates in the presence of oxygen. This suggests that one or 1 several of the Pap1-dependent gene products is able to rescue the aerobic growth defects of 2 cells lacking Tpx1.
4
Over-expression of catalase is sufficient to support aerobic growth in cells lacking Tpx1
5
We then speculated that one or several of the four putative H 2 O 2 -scavenging activities left in 6 cells lacking Tpx1, namely catalase/Ctt1, Gpx1 or the Prxs Pmp20 and BCP/SPBC1773.02c,
7
could be over-expressed in ∆tpx1 ∆trr1 in a Pap1-dependent manner, and that would suppress 8 the aerobic growth defect of cells lacking Tpx1. According to transcriptomic studies of cells 9 exposed to H 2 O 2 , only the ctt1 gene responds to sub-toxic doses of peroxides, those known to 10 activate Pap1 (Chen et al., 2008) , which pointed to catalase as the activity overcoming the lack 11 of Tpx1. We first attempted to obtain a triple ∆tpx1 ∆trr1 ∆ctt1 strain by tetrad analysis, without 12 success (Fig. S2A ), indicating that cells lacking all three genes are not viable. We further 13 demonstrated that these three genes are synthetic lethal by constructing a triple ∆tpx1 ∆trr1 14 ∆ctt1 strain carrying an episomal plasmid containing the ctt1 gene under the control of the 15 thiamine-repressible nmt promoter (pnmt::ctt1, Fig. 2AB ). As shown by Northern blot in Figure   16 2A, the levels of ctt1 in this conditional strain were undetectable after the addition of thiamine.
17
The viability of this strain in thiamine-containing plates was severely compromised, as shown in 18 Figure 2B .
19
We then transformed wild-type cells and cells lacking Tpx1 with the same plasmid, 20 pnmt::ctt1. As shown in Figure 2C , upon thiamine depletion both plasmid-containing cells types (Fig. 2C ). As expected, this catalase-expressing plasmid is also able to sustain the growth on 1 aerobic plates of the triple mutant ∆tpx1 ∆trr1 ∆pap1 (Fig. S2B) 
5
we decided to determine whether the other three putative peroxide scavengers, namely Gpx1,
6
Pmp20 and BCP, also had a role in H 2 O 2 scavenging. According to recent proteomic studies,
7
Tpx1 is a very abundant cellular protein, while catalase is not (relative values of 1 to 0.04, 8 respectively; Table S1 ). We compared the growth of each one of the five deletion strains on 9 aerobic plates containing or not H 2 O 2 . As shown in Figure 3B , only Tpx1 is required for aerobic 10 growth, whereas deletion of ctt1 renders cells extremely sensitive to the presence of 11 exogenously added H 2 O 2 . Regarding Gpx1, Pmp20 and BCP, only ∆gpx1 cells display a mild 12 sensitivity to H 2 O 2 . Unlike catalase, nmt-driven over-expression of Gpx1, Pmp20 or BCP from 13 episomal plasmids was not sufficient to sustain aerobic growth of cells lacking Tpx1 (Fig. S3A ).
14 Tpx1 seems to be the only enzyme able to detoxify peroxides arising from aerobic 15 metabolism. However, the enhanced levels of H 2 O 2 of ∆tpx1 cells can be partially scavenged
16
by either Ctt1 or combination of Gpx1, Pmp20 and BCP, as observed by the enhanced 17 anaerobic growth defects of ∆tpx1 ∆ctt1 and ∆tpx1 ∆gpx1 ∆pmp20 ∆BCP strains (Fig. 3C, 3D 18 and 3E). In conclusion, while cells lacking or over-expressing Pmp20, Gpx1 or BCP behave as 19 wild-type cells in response to H 2 O 2 stress, these proteins may have some peroxide scavenging 20 activity which may be restricted to specific sub-cellular localizations or to non-exponentially 21 growing conditions, and which may slightly contribute to the fitness of cells lacking Tpx1. It is worth pointing out that Pmp20 is a very abundant protein (Table S1 ), and that the S. cerevisiae 23 ortholog has peroxisomal localization; similarly, Gpx1 has been proposed to have a role at 24 stationary phase (Lee et al., 2008) .
confirms the idea that in the absence of the Prx Tpx1 the enhanced levels of peroxides are 1 partially scavenged by catalase.
2
We then measured peroxidase activity of whole cells (Fig. 4A) . In this assay, we 3 measured extracellular H 2 O 2 leftovers as an indicator of the peroxide scavenging by intracellular 4 activities. Again, catalase was fully responsible for the scavenging of 1 mM extracellular 5 peroxides (Fig. 4A, left panel) . However, extracellular concentrations of 10 μM are scavenged 6 in both a Tpx1-and Ctt1-dependent manner, since only cells lacking both scavengers are 7 unable to deplete these doses of peroxides (Fig. 4A, right panel) .
8
We also measured the activity of Tpx1 and Ctt1 in total extracts from wild-type and 9 mutant strains, and showed that the sensitivity of the method (2 μM H 2 O 2 in the assay) allowed 10 us to follow the H 2 O 2 scavenging activity of catalase. Thus, extracts from both wild-type and 11 ∆tpx1 cells were able to scavenge those concentrations of peroxides, while addition of the 12 catalase inhibitor azide to wild-type extracts, or the use of ∆ctt1 extracts fully prevented H 2 O 2 13 scavenging (Fig. 4B, left panel) . We then decided to highlight Tpx1 activity by enhancing the 14 amount of total protein in our assays (from 0.25 to 1 μg/μl), using extracts from cells lacking 15 catalase and providing the corresponding electron donor for Tpx1 recycling. Tpx1 recycling is 16 performed by thioredoxin (Trx1), thioredoxin reductase (Trr1) and NADPH (Jara et al., 2007) ,
17
and at least Trx1 is partially depleted from our native extracts according to Western blot 18 analysis (data not shown; Table S1 ). As shown in Fig. 4B (right panel), extracts from cells 19 lacking Ctt1 were proficient to scavenge peroxides when the complete thioredoxin system 20 (recombinant Trx1 and Trr1, as well as reduced cofactor, NADPH) was provided to the assay.
we could also exacerbate Tpx1-dependent H 2 O 2 scavenging activity of wild-type extracts in 23 which catalase activity had been inactivated by azide (Fig. 4C, left 
5
Pap1 pathway, which triggers transcription of around 50-80 genes meant to mount an adaptive 6 response to peroxides, one of them being ctt1 (Chen et al., 2008) (Fig. 5A ). Higher doses of 7 peroxides, however, temporarily halt Pap1 activation while maximally trigger a cascade of 8 phosphorylations which end up activating the MAP kinase Sty1 and its transcription factor 9 Atf1/Pcr1; the transcription of up to 300 genes is then activated, and again ctt1 is at the top of 10 the list (Chen et al., 2008) (Fig. 5A ).
11
To test the prevalent role of catalase up-regulation in the response of fission yeast to 12 peroxides, we tested whether over-expression of Ctt1 using a strong and constitutive promoter 
16
in Figure 5B , we reached different levels of constitutive ctt1 expression using these two vectors 17 (pctt1 epi. and pctt1 int. in Fig. 5B ), and these levels were lower than those accomplished by the 18 nmt-driven plasmid (pnmt::ctt1 in Fig. 2B and 5B). Both plasmids were able to complement the 19 H 2 O 2 sensitivity of ∆ctt1 cells (Fig. 5C ), and were also sufficient to sustain aerobic growth of 20 cells lacking Tpx1, and to improve to different extends the tolerance of wild-type cells to 21 peroxides, in a thiamine independent manner ( Fig. S5 ). High levels of expression of catalase were able to suppress to a great extent, but not fully, the peroxide sensitivity of cells lacking 23 Pap1 (Fig. 5D ), while they fully recovered wild-type tolerance to H 2 O 2 of cells lacking Atf1 ( (Table S1) , is the first line of defence to control H 2 O 2 generated during aerobic 24 metabolism, while catalase has a major role controlling high levels of peroxides. Probably the 25 activity of Tpx1 can be saturated upon high doses of H 2 O 2 (either by temporary depletion of 26 NADPH reducing power, required for its recycling, or by over-oxidation and inactivation of its 27 peroxidatic cysteine to sulfinic acid) (Bozonet et al., 2005; Vivancos et al., 2005 
7
2D, upper right panel). We suspect that this is due to the role of Tpx1 in Pap1 activation. Thus 8 some Pap1-dependent genes in addition to ctt1 may still be critical to survive a H 2 O 2 threat.
9
Another possibility comes from the fact that Prxs have been described to switch from a 10 peroxidase to a chaperone role (Jang et al., 2004 ), but we have no indications to believe that 11 cells lacking Tpx1 display sensitivity to heat shock (data not shown).
In bacteria, similar studies have provided genetic and biochemical evidences to 13 demonstrate that putative H 2 O 2 scavengers really perform such a role, and whether they have 14 overlapping functions (for a review, see (Mishra and Imlay, 2012 Table 1 , and most of them were constructed by standard genetic methods.
Strain EP302 (∆tpx1 ∆trr1 ∆ctt1 pnmt::ctt1), carrying the episomal plasmid p418.41x to allow survival of cells carrying three synthetically lethal gene deletions, was constructed from strain 11 SG156 carrying plasmid p418.41x (∆tpx1 ∆trr1 + pnmt::ctt1), and further deletion of the ctt1 12 gene using a linear ctt1::ura4 DNA fragment and selection on MM plates without uracil.
14
Plasmids
15
The ctt1 coding sequence was PCR-amplified from an S. pombe cDNA library using primers 16 specific for the ctt1-coding gene. ctt1 was cloned into the nmt (no message in thiamine)-driven expression vector pREP.41x (Maundrell, 1993) to yield plasmid p418.41x (pnmt::ctt1). Plasmid p418.41x was digested with PstI/XhoI to release the nmt promoter, which was replaced with a PstI/XhoI digested PCR amplified sty1 promoter (including 797 bp from its ATG). The resulting 20 episomal plasmid, p419 (psty1'::ctt1) allowed constitutive expression of ctt1. Integrative multiple cloning site, and terminator which was replaced with the sty1 promoter, the ctt1 ORF 23 and the terminator from p419 digested with PstI/SacI, yielding p422' (psty1'::ctt1'). p151.41x
24
(pHA-atf1.41x) was previously described (Sanso et al., 2008 
13
To analyze the in vivo redox state of Pap1, trichloroacetic acid extracts were prepared as 14 described elsewhere (Vivancos et al., 2005) . Pap1 was immuno-detected using polyclonal anti- 
24
Total RNA from S. pombe MM cultures was obtained, processed and transferred to membranes 25 as described previously (Castillo et al., 2002) . Membranes were hybridized with [α-32P] dCTP-26 labelled caf5, obr1, SPCC663.08c, trr1, srx1, tpx1 or ctt1 probes, containing the complete ORFs.
27
We used ribosomal RNA or act1 as loading controls.
29
Growth curves in liquid
To measure cellular growth, we used an assay based on automatic measurements of optical 1 densities for small (100 µl) cell cultures. Cells were grown to an OD 600 of 0.5 under continuous 2 shaking in Erlenmeyer flasks and then diluted to an OD 600 of 0.1. 100 µl of the diluted cultures 3 (treated or not with the indicated amounts of stressors) were placed into a 96-well non-coated 4 polystyrene microplate covered with an adhesive plate seal. A Power Wave microplate 5 scanning spectrophotometer (Bio-Tek) was used to obtain the growth curves. The OD 600 was 6 automatically recorded using Gen5 software. The software was set as follows: OD was 7 measured at 600 nm, incubation temperature was kept at 30ºC, the microplates were subjected 8 to continuous shaking and the readings were done every 10 min during 48 hours. 
11
To inhibit the activity of catalase by azide as previously reported (Beers and Sizer, 1956 ),
12
extracts were pre-treated with 1 mM azide during 5 min at room temperature prior to the 
26
A. Expression of ctt1 from the conditional ∆tpx1 ∆trr1 ∆ctt1 pnmt::ctt1 strain. 
11
and their RNA was analysed as described in Figure 1D . 
27
SG267 (∆tpx1 ∆ctt1), SG232 (∆tpx1 ∆gpx1), SG256 (∆tpx1 ∆pmp20), SG258 (∆tpx1 ∆BCP),
28
SG255 (∆tpx1 ∆gpx1 ∆pmp20) and SG259 (∆tpx1 ∆gpx1 ∆pmp20 ∆BCP) was analyzed as 29 described in Figure 1A . epi.), AD5 (∆pap1 pctt1 int.), and IC1 transformed with p419 (∆pap1 pctt1 epi.) was analyzed as 10 described in Figure 1A . 
15
spotted on MM plates containing uracil (MM + U) and analyzed as described in Figure 1A . 
